Summary The potential long-term toxicity of central nervous system prophylaxis (CNS-P) in adult acute lymphoblastic leukaemia (ALL, n = 17) and non-Hodgkin's lymphoma (NHL, n = 7) was investigated in a multidisciplinary study. At least 4 years had elapsed from CNS-P (mean 11.5 years) for all patients. Neurological history and physical examination were unremarkable; minor signs were commoner in older patients (P< 0.02). Psychometry yielded normal results, but individual verbal IQ generally exceeded performance IQ, with a trend to more marked differences in younger adults (P = 0.06). EEG was scored and differed significantly from that of controls, with a tendency to more marked (but still minor) abnormalities in younger patients (P = 0.06). Brainstem auditory evoked potentials demonstrated significant but generally minor abnormality in 24% of patients. CT brain scan revealed widening of cerebral hemisphere sulci to >3 mm in 38% of patients; cerebral atrophy was commoner in the older group (P< 0.02) and those with neurological signs (P<0.02). MRI brain scans were normal in all patients tested. Thus, following standard CNS-P for ALL at this hospital, there is a 5% primary CNS relapse rate, and only minimal, mainly subclinical, long-term neuropsychological toxicity.
long-term CNS problems may range in severity from minor intellectual dysfunction to severe neuropsychological damage, seizures and dementia (Bleyer, 1981) .
As ALL is less common in adults than in children, the former have received less attention regarding the potential neurotoxicity of CNS-P. Intensive therapy of adult ALL may now yield survival figures approaching those for children (Linker et al., 1987; Omura et al., 1980) . It is therefore increasingly important to look for possible long-term adverse effects of therapy. To our knowledge there are no published data addressing this issue. The results of a multidisciplinary investigation of adults with ALL and NHL who received standard CNS-P are presented.
Materials and methods

Patients
Acute tymphoblastic leukaemia Between 1972 and 1982, 112 consecutive, previously untreated adults aged 15-69 years were referred to the ICRF department of Medical Oncology at St Bartholomew's Hospital for treatment of ALL. Full details of these patients, their treatment and outcome have been published (Barnett et al., 1986) . Briefly, induction therapy consisted of four cycles of OPAL (vincristine, prednisolone and adriamycin with L-asparaginase in the first cycle only) for the first 63 patients; the subsequent 49 patients received six cycles, with escalating doses of adriamycin and cyclophosphamide from cycle 3 (HEAV'D). Provided complete remission (CR) was achieved, maintenance chemotherapy with 6-mercaptopurine, methotrexate and cyclophosphamide was begun, and continued for 3 years or till relapse.
Early central nervous system prophylaxis comprised intrathecal chemotherapy and cranial irradiation. Following the planned four or six cycles of induction therapy, 24 Gy midplane dose was delivered to the cranium in 12 fractions over 17-21 days. As meningeal infiltration may occur early in adult ALL (Lister et al., 1977) (Lister et al., 1978) . In 1986, 12 patients were alive; seven were available for study. Two patients were lost to follow-up, one patient refused to be studied, and two patients were excluded due to a past history of encephalitis and meningitis respectively. All seven patients studied were well and in first CR. Their characteristics are presented in Table I. Correspondence: T.A. Lister. (Warrington, 1984 (Meadows et al., 1981; Eiser, 1978) , the difference between these two scores was calculated for each patient by simple subtraction and designated V-P IQ.
Neurophysiology Electroencephalogram (EEG) Patients had EEGs performed in a standard manner in the same room and by the same technician. Silver silver-chloride stick-on electrodes were applied in standard positions (Pampiglione, 1956; Margerison et al., 1970) . A 14-channel recording was made on a 16-channel Elema Schonander electroencephalograph with a time constant of 0.3 s and a low pass filter setting of 30 Hz. As well as the chart recording for visual analysis, the EEG was sampled on line and stored on magnetic tape for future computer analysis. The choice of a common average reference montage and recording procedure was similar to that used in an earlier study incorporating normal subjects (Binnie et al., 1978) and thus an age-and sex-matched control was available from stored data for each patient.
Visual analysis of the paper traces was made by a pair of observers working separately and blind to non-EEG details, using a proforma concerned with: (a) background rhythms; (b) localised abnormality; and (c) generalised abnormality. Differences in scoring were discussed and resolved by the two raters. The maximum possible score for the 10 items assessed by this proforma was 30.
Computer-assisted Fourier analysis was performed. Power spectra for four conventional and one composite (4-13 Hz) frequency bands were plotted for each electrode site for periods with eyes closed and for those with eyes open. Each frequency spectrum (Figure 4 ) was characterised by measurements of power, peak frequency and amplitude, and seven measures of the shape of the plotted spectrum. The effects of eye opening and left/right difference were assessed from these digital data.
Brainstem auditory evoked potentials (BAEP) Click stimuli at a rate of 16 Hz and an intensity of 90 dB were applied to the resting patient to each ear in sequence and masking white noise was presented to the unstimulated ear at 60 dB. The potentials were recorded in a bipolar fashion between the ear lobe ipsilateral to the ear stimulated and the vertex. A filter bandpass of 100-3,000 Hz was used and 1,024 signals were averaged for 10 ms post-stimulus duration. Latencies were measured from the stimulus to the positive peak of each wave (conventionally termed I to V) (Stockard et al., 1980) and left/right latency differences calculated, all measurements being compared with those from a data base of 19 normal adults aged 22-46 (mean± 1 s.d. = 28.5± 6) years.
Computerised tomography (CT) Unenhanced CT brain scans were performed with an International General Electric 9000. Scans were performed in the horizontal plane at 10 mm contiguous sections. Cerebral sulcal width was measured at three sites using a cursor which yielded results to within 0.1 mm; the maximum width of the three measurements was selected. Deep cerebral hemisphere white matter attenuation was determined at three points, and the mean (in Hounsfield units) was taken as representative.
Magnetic resonance imaging (MRI)
The patients were imaged with an imager using a low field resistive magnet operating at 0.08T. Four images were obtained, three in the axial and one in the coronal plane. The scans were assessed visually on the colour display monitor.
Statistical methods Data were checked and found not to have normal distributions; thus comparisions between groups were made by the Mann-Whitney test for non-parametric data. Neurological findings (23 patients) All patients examined had been fully rehabilitated following the original diagnosis and treatment, and had returned to occupational and/or leisure activities. In reply to the questionnaire persisting symptoms were present in 12 patients while 11 patients were asymptomatic (Table II) . Ten patients had positive clinical findings and 13 had entirely negative examinations (Table II) . The signs elicited were mostly trivial (e.g. extensor plantar responses), but corresponded with symptoms in two patients with unsteadiness and two patients with hearing loss. The presence of neurological signs was more likely in patients aged >25 years at the time of CNS prophylaxis (9/12) than in patients <25 (1/11) (P<0.02).
Psychometric findings (22 patients) All patients appeared motivated and co-operative, and were able to attempt the various tests. Full scale IQ, premorbid IQ and V-P IQ are summarised in Table III . The mean V-P IQ for nine patients aged <30 years at the time of testing was -12, whereas the mean for 13 patients >30 years was -3.2 (Figure 1 ). There was thus a trend towards a greater V-P IQ for younger patients although this just fails to reach statistical significance (P = 0.06). The mean verbal and visual memory IQs for the five patients who reported forgetfulness and/or poor concentration in answer to the questionnaire were 107.5 and 115.5 respectively; these compare favourably with the entire group of 23 test patients, who had mean verbal and visual IQs of 100.7 and 107.1 respectively. mance IQ in patients aged < 30 (n = 9) and patients aged >30 (n = 13) at the time of testing. Neurophysiology EEG (24 patients) Representative EEG traces from a normal subject and a patient are shown in Figure 2 ; the latter has mild abnormality with a slight excess of theta activity mixed with the alpha rhythm, which is itself somewhat slow, and is incompletely attenuated on visual attention. It scores 6, while the example from the normal control scores 1. Visual rating scores for controls and patients were clearly different, with means of 1.9 and 3.6 respectively (P<0.001). Figure 3 is a frequency histogram of scores for these two groups. The mean and median visual scores for patients aged <25 years at CNS prophylaxis were 4.4 and 4 respectively, compared with 2.8 and 2 for patients aged >25 years, this just failed to reach statistical significance (P = 0.06).
Examples of averaged autospectra from the same two individuals' electrodes 02-C4 are shown in Figure 4 . They are derived from the EEG samples in Figure 2 ; they differ in height and shape. Figure 4 ). mean of some of the other measurements, particularly those describing the shape of the autospectra, these were not significant due to the wide scatter of values (Table IV) . Figure 4 Examples of frequency spectra from the right occipital region electrode (02) referred to the right central region (C4) in the subjects whose EEGs are shown in Figure 2 . Note the different scales in the y axis due to the higher voltage alpha rhythm in the normal subject. Note that the patient not only has reduced overall EEG power in the 4-13 Hz frequency band, but that the power is dispersed more widely compared with its concentration at 10 Hz in the normal (see Figure 2) . This gives a different shape to the lower part of the spectrum. (18) 3.13±2.1 (21) Comparison of EEGs from patients and age-matched normal subjects. The items 'width high' and 'width low' refer to the shape of power spectrum (see Figure 4) . The cerebral cortical atrophy and presence of neurological signs were commoner in patients aged >25 years at the time of CNS treatment (P <0.02 for both correlations).
There was no direct correlation between visual EEG score and V-P IQ, despite a trend for both a high visual EEG score and high (more negative) V-P IQ to be commoner in younger patients. Wave V/wave I left/right latency difference correlated weakly with verbal IQ (r = 0.513) and with two averaged EEG measurements from the six posterior electrodes (r = -0.647, -0.569).
In the light of paediatric data suggesting that proximity of CNS-P to the start of systemic therapy and the total dose of intrathecal methotrexate might influence the likelihood of subsequent problems (Lister et al., 1977; Bleyer, 1981) , eight patients were identified who received less than five doses of IT methotrexate, and whose cranial irradiation was commenced within 10 weeks of diagnosis. They did not differ significantly in prevalence of neurological signs or symptoms, V-P IQ, EEG score or cerebral sulcal width when compared with the remaining 16 patients.
Discussion
Effect of age on variables The prevalence of abnormalities, where present, was compared in patients aged < 25 years when they received CNS-P (n = 11) and in those aged >25 years (n = 13). In the case of V-P IQ, the patients were split into groups < 30 years at the time of testing (n = 9) or >30 years (n = 15). From Table V it can be seen that the presence of neurological signs and cerebral atrophy are significantly more common in the older patients, while there is a trend for V-P IQ and visual EEG score to be more abnormal in the younger groups.
Correlations between variables Patients exhibiting neurological signs had significantly wider cerebral sulci on CT scan than those without (mean + s.d. 3.1 ± 0.9 and 2.3 ± 0.5 mm respectively, P < 0.05). Both Although this study deals primarily with potential adverse effects of treatment it is essential to present them in the context of its efficacy. From the published results of 112 adults with ALL treated at St Bartholomew's Hospital, isolated CNS relapse occurred in only three of the 64 patients (5%) who had entered CR and completed CNS prophylaxis, showing it to be highly effective (Barnett et al., 1986) . It is, therefore, encouraging that the long-term toxicity of CNS-P was almost entirely subclinical and trivial, the long-term survivors of ALL and NHL seen in this study being generally very well. The majority of patients in this study could not recall any acute toxicity from CNS prophylaxis. The incidence of neurological signs, mainly unassociated with symptoms, was higher in the older patients; similarly CT scan evidence of cerebral cortical atrophy was commoner in this group. There was a significant association between cerebral cortical atrophy and the presence of neurological signs; both these findings may well be due to ageing.
The results of a small retrospective study suggest that intellectual malfunction may be most severe in children receiving CNS prophylaxis within 2 months of diagnosis (Eiser, 1978) and in children less than 7 years old . The present study has found a trend to a greater V-P IQ in patients under 25 years at the time of CNS prophylaxis suggesting that younger adults are more susceptable to neurotoxicity. The difference approaches statistical significance (P <0.06) when patients aged < 30 at the time of testing are compared with those aged >30 years. When inter-group comparisons for presence of CNS signs, cortical atrophy, and a high EEG score are made using age < 30 years and >30 years at testing, rather than < 25 years or >25 years at time of CNS-P, there is no evidence of an ageing effect; P values rose from <0.02 to 0.07, <0.01 to 0.04, and 0.06 to 0.08 respectively. Only one study to date has demonstrated a correlation between CT scan abnormalities and impaired psychometry (Brouwers et al., 1985) ; the present study did not show any relationship, possibly as the changes in both parameters were small. MRI was included as it is more sensitive than CT in detecting white matter disease (Curnes et al., 1986) . In the 19 patients examined no abnormality was detected. Indeed, Tl values lay towards the lower end of the quoted normal range of 265-292 ms (Kean & Smith, 1986) , with no suggestion of the non-specific prolongation observed by others (Curnes et al., 1986) .
The reporting of EEGs in studies of long-term follow-up of childhood ALL is notably vague, with no attempt at quantitation . In this study a simple structured visual EEG analysis yielded reproducible and useful numerical values, and compares favourably with sophisticated computer analysis in identifying minor abnormalities. Abnormalities were all minor; the trend to relatively more severe abnormalities in the younger group again raises the possiblity that they have a lower threshold for toxicity, as with children. As the EEG abnormalities reflect subtle cerebral cortical dysfunction, structural CT changes would not be expected. Abnormal BAEP latencies in 5/21 patients implicates delayed conduction in the brainstem auditory pathway, but there was no correlation with age.
In view of the established adverse effects of CNS prophylaxis in childhood ALL, it is reasonable to search for safer but still effective alternatives (Kean & Smith, 1986; Nesbit et al., 1981; Bleyer et al., 1985; Chessels, 1985; Komp et al., 1982; Rowland et al., 1984) . Although the number of patients in the present retrospective study is small, the conclusions support the clinical impression that standard CNS-P in adults is essential, effective and well tolerated, with only subclinical sequelae, and there is no indication to replace it until a clearly superior alternative is found.
